Mild winters influenced by global warming have increased the incidence of erratic flowering ('flowering disorder') in Japanese pear (Pyrus pyrifolia Nakai) trees in Japan. To discover how, when and what kind of disorder/damage occur in pear flower buds, we observed axillary flower buds of two cultivars, 'Kosui' (a mid-chill cultivar) and 'Niitaka' (a high-chill cultivar), grown at five locations. We focused on the phenology from autumn 2015 to spring 2016, when temperatures were higher than for average years, especially from September to January, and large fluctuations occurred due to El Niño. During the blooming season in the spring of 2016, both the percentage of blooming flower buds and the number of florets per flower bud decreased in trees located at lower latitudes (with lower chilling accumulation) with a more severe problem in 'Niitaka' than in 'Kosui'. As shown by forcing excised shoots, the onset and release of endodormancy occurred earlier in 'Kosui' than 'Niitaka' and occurred earlier in trees growing at higher latitudes than at lower latitudes (warmer regions). The freezing tolerance of flower buds, measured as the lethal temperature for 50% survival (LT 50 ), was similar for the cultivars beginning in autumn and reached maximum levels, LT 50 values of less than −12°C, between late-December and mid-January in both cultivars, except for those in Kagoshima (the lowest latitude), where the maximum LT 50 was only −5°C throughout the season. We propose that warmer autumn-winter temperatures may prevent the acquisition of freezing tolerance, disturb endodormancy progression and disrupt floral organ development, thereby causing flowering disorder in pear trees. The risk of occurrence of flowering disorder in pear may be higher in high-chill cultivars than in low-or mid-chill cultivars and at lower latitudes compared with higher latitudes.
Introduction
Perennial woody plants adapt to seasonal environmental changes by modulating their growth rhythm and transit between active-dormant phases as an important strategy for survival during cold winters (Cooke et al. 2012) . Bud dormancy during the winter season is a well-studied phenomenon that is divided into three physiological phases: paradormancy, endodormancy and ecodormancy (Lang 1987 , Anderson et al. 2005 . Endodormancy is the status where bud growth is arrested not by external factors but by internal factors. Once endodormancy is established, bud growth does not resume under natural conditions until a chilling requirement is satisfied, the amount of which is genetically regulated. Parallel to establishing endodormancy, the freezing tolerance of trees starts to increase with exposure to short-day photoperiods and to subsequently lower and freezing temperatures (Welling and Palva 2006, Tuan et al. 2016) . Woody perennial plants decrease their water content and accumulate osmolytes in autumn, thereby decreasing the water and osmotic potentials (e.g., reviewed in Welling and Palva 2006) . This programed dehydration prevents ice formation and alters organellar and cellular ultrastructure that reinforces plant mechanical structure and freezing tolerance.
With the recent increase in global warming, the annual temperature in Japan has risen at a rate of 0.116°C/decade since 1898; this temperature increase is more pronounced during the spring (March-May, +0.134°C) and winter (December-February, +0.117°C) (Japan Meteorological Agency 2016). It is difficult to predict the impact of global warming on the future productivity of horticultural crops including fruit trees; however, Luedeling and Brown (2011) indicated that even the most conservative greenhouse gas emissions scenario would negatively impact the phenology of current fruit tree cultivars, especially those located in warmer growing regions. For instance, insufficient chilling during endodormancy induces an incomplete dormancy release in many temperate and subtropical regions (Luedeling 2012) , leading to delayed bud burst and low bud burst rate, and a lack of uniformity in leafing and blooming could become notable (Erez 2000 , Sugiura et al. 2010 , Asakura 2011 . Another effect of warm winter temperatures is earlier bud burst in the spring, which increases the possibility of encountering temperature drops after blooming, and thus an increased risk of frost damage (Cannell and Smith 1986 , Murray et al. 1989 , Heide 1993 , Myking and Heide 1995 . In some instances, less severe winters may decrease the incidence of freezing damage to fruit trees; in other cases, marginal cold prior to entering dormancy may weaken the adaptability of deciduous fruit trees to cold winters. Thus, the risk of failure in acclimating to mid-winter freezing temperatures could increase (Welling and Palva 2006) .
Currently, the best understood cold acclimation signaling pathway is the C-REPEAT BINDING FACTOR/DEHYDRATION RESPONSIVE ELEMENT BINDING (CBF/DREB) transcriptional cascade (Welling and Palva 2006, Shi et al. 2015) . In this pathway, CBF/DREB is rapidly induced by cold temperatures and binds to the promoter regions of cold-regulated (COR) genes to activate their transcription (Chinnusamy et al. 2006 , Thomashow 1999 . Emerging evidence has shown that the CBF-dependent pathway is mediated by many important regulators at the transcriptional, post-transcriptional and post-translational levels. C-repeat binding factor genes are not only induced by cold stress but are also regulated by the circadian clock and light quality (Fowler et al. 2005 , Franklin and Whitelam 2007 , Thomashow 1999 . One possible role of CBF is in the regulation of Dormancy-associated MADS-box (DAM) genes during endodormancy (Horvath 2009 , Saito et al. 2015b . Dormancy-associated MADS-box genes are considered to be key regulators of the phase transition into endodormancy (Bielenberg et al. 2008 ); expression of the DAM genes is closely related to the endodormancy phase transition (Ubi et al. 2010 . Ectopic expression of a Japanese apricot DAM gene in transgenic poplar (Populus tremula L. × Populus tremuloides Michx.) inhibits apical bud growth during the active growing season , suggesting that a decrease in DAM expression is a prerequisite for resuming bud growth during the dormancy period (Yamane 2014) .
After the release of dormancy, trees prepare to resume bud growth and blooming. The blooming time may be fine-tuned by circannual rhythms to ensure synchronicity for successful pollination. Orthologs of the antagonistic flowering time genes Flowering Locus T (FT) and CEN/Terminal Flower 1 (TFL1) might have central roles in regulating flowering (blooming) time in Populus spp. (Böhlenius et al. 2006 , Mohamed et al. 2010 , Hsu et al. 2011 , Brunner et al. 2014 . In pear trees, the impact of chilling on flowering competence may be gated by a circannual rhythm by regulating the expression of flower-inducing FT and its antagonist TFL1 .
Japanese pear (Pyrus pyrifolia Nakai) is one of the most important fruits in Japan, with production of 267,200 tons in 2012, and is commercially grown from subtropical to temperate climate regions. Recently, erratic flowering ('flowering disorder') has been steadily observed in trees growing in glasshouses (irrespective of artificial heating) in the warmer regions in Japan and in field-grown (openair) trees as observed during the springs of 2009 and 2010. Flowering disorder of Japanese pear is characterized by bud burst delay, a low bud burst rate, lack of uniformity in leafing and blooming, and ultimately bud loss especially in the basal parts of the long shoots (Sugiura et al. 2010) . Similar symptoms have also been observed in fruit-growing regions with warmer winters such as New Zealand, Israel, Brazil and South Africa (Klinac and Geddes 1995 , Nakasu et al. 1995 , Erez 2000 . Insufficient chilling during dormancy is hypothesized to be a main contributor to the flowering disorder (Sugiura et al. 2010) ; however, the severity depends on tree age (Klinac and Geddes 1995) , the training system (Mooney et al. 1992) , nitrogen fertilization (Sakamoto et al. 2017 ) and the propensity of pear cultivars to the flowering disorder Geddes 1995, Goncalves et al. 2014) . So far, there have been no surveys of how and when (or what time during the winter-dormant season) these symptoms appear in pear flower buds. We therefore started a field study in 2011 of pear flowering disorder in trees located at different latitudes. There were no or only light symptoms of flowering disorder observed in these locations during the first 5 years, but a serious outbreak of the disorder occurred in the spring of 2016. In this study, we report the results of our observations of the 2015-16 season, especially in terms of dormancy progression and acquisition of freezing tolerance by comparing the results from five locations differing in latitude. To gain a deeper understanding of bud growth and development, we also analyzed the expression of genes related to dormancy-and flowering-regulation and those encoding water-channel proteins. With these observations, we have identified several possible causes of flowering disorder in pear trees subjected to warm winter weather.
Materials and methods

Experimental conditions and plant materials
Japanese pear blooming properties were observed from 2011 until 2015, but flowering disorder was pronounced only in Tree Physiology Volume 38, 2018 2016 in trees located at lower latitudes. To follow the progression of flowering disorder, we carried out comparative studies on the appearance of primordia, dormancy progression and freezing tolerance of axillary flower buds at five experimental sites during the 2015-16 season. We also analyzed dormancy-, flowering-and water channel-related gene expression during a flowering disordered season . Dormancy-associated MADS-box genes (DAMs, PpMADS13-1 and PpMADS13-2), Flowering Locus T (FT, PpFT2a) and Terminal Flower 1 (TFL1, PpTFL1-2a) were analyzed to monitor dormancy progression ) at selected locations, and the water channelrelated genes (tonoplast intrinsic proteins (TIP) and plasma membrane intrinsic proteins (PIP)) were analyzed to monitor the growth activity of flower buds (e.g., water uptake and cell enlargement, Saito et al. 2014) .
The following five orchards were chosen for the experimental sites ( Figure 1 ): (i) the experimental orchard of the Institute of Fruit Tree and Tea Science, NARO (Tsukuba), (ii) the experimental orchard of the Tottori Prefectural Agriculture and Forest Research Institute (Tottori), (iii) the experimental orchard of the Kumamoto Prefectural Agricultural Experimental Station (Uki), (iv) a commercial orchard in Hikawa, Kumamoto Prefecture (Hikawa) and (v) the experimental orchard of Kagoshima Prefectural Institute of Agricultural Development (Kagoshima). All sites are located at altitudes <50 m above mean sea level. The Hikawa orchard is located close to Uki; nevertheless, an aberrantly high frequency of flowering disorder was observed in the former location compared with the latter location in 2009, and thus was chosen for this study. Two Japanese pear (P. pyrifolia) cultivars, 'Kosui' and 'Niitaka', were used for the study as they showed the most severe symptoms of flowering disorder in 2009 and 2010. However, in the Tottori and Hikawa sites only 'Kosui' was examined. 'Kosui' is the most popular and largest acreage cultivar under cultivation in Japan. 'Niitaka' requires higher chilling (1438 chill units (CUs)) for endodormancy release than 'Kosui' (1159 CUs) (Tamura et al. 2001 , Takemura 2012 , and the blooming date is earlier in 'Niitaka' than 'Kosui'. All experimental sites were comparable to a temperate monsoon climate. Their mean daily temperatures and total precipitation amounts for a 30-year period (1981-2010) between October and March from the nearest weather station (Japan Meteorological Agency) are shown in Figure 1 . The mean temperatures in 2014-15 were slightly higher than for normal years, whereas those in the 2015-16 season were extremely high, possibly due to the strong impact of El Niño (Table 1) . Chill unit values for each site were calculated by the method described in Tamura et al. (2001) using temperature data obtained from the nearest respective weather station (AMeDAS data).
Measurements and sampling
At each experimental site, three mature (16-to 40-year old) trees of each cultivar were used for the experiment with the exceptions that in Tsukuba only one tree of 'Niitaka' and in Tottori two trees of 'Kosui' were used. More than 20 shoots (80-120 cm long) bearing 3-10 axillary flower buds were randomly sampled from trees at each location between November 2015 and March 2016 at approximately 4-week intervals and were immediately sent to the NARO Institute in Tsukuba to observe the appearance of floral primordia, evaluate dormancy and analyze freezing tolerance. Axillary flower buds were also periodically sampled during mid-October, mid-November, early-/ late-December, early-/late-January, mid-February and early-March in the 2015-16 season, and were immediately frozen in liquid N 2 and stored at −80°C. The frozen samples were sent to the NARO Tree Physiology Online at http://www.treephys.oxfordjournals.org Institute in Tsukuba on dry ice and used for gene expression analyses.
During blooming, the dates for the onset (≈20% of flower buds in bloom), full (≈80% of flower buds in bloom) and the end (≈20% of flowers have dropped) of bloom were recorded. Furthermore, the number of dead flower buds and the number of florets blooming from each axillary flower buds were counted for a total of 30-300 flower buds from 10 shoots per tree (a total of 10, 20 or 30 shoots per cultivar per location).
Appearance of flower bud primordia
The condition of flower bud primordia from the five locations was investigated in November 2015 and February and March 2016. Ten or more axillary flower buds were collected randomly .7) 11.7 (3.7) 4.9 (−2.1) from three to six shoots and their scale leaves were removed. The total numbers of florets in each flower bud were counted and classified as living (no or slight damage) or dead (completely brown or already aborted).
Dormancy evaluation
Simultaneously, three shoots were selected and placed in rockwool cubes submerged in distilled water. The shoots were incubated for 21 days at 20°C with a 12 h light (approx. 200 μmol/ s/m 2 in photosynthetic photon flux density)/12 h dark photoperiod. Endodormancy release of flower buds was defined as occurring when green tissue was visible under the bud scales (bud breaking) after incubation for 21 days. The ratio of buds released from endodormancy was calculated.
Freezing tolerance
Sixteen shoots were used to evaluate the freezing tolerance of axillary flower buds according to the methods described by Sakamoto et al. (2017) . Briefly, shoots were wrapped in polyethylene bags and frozen at one of four different temperature set points ranging from −5°C to −25°C for 16 h after precooling at 0°C for 3 h in environmental test chambers (SU-642, ESPEC Corp., Osaka, Japan). The frozen shoots were then incubated for 2 weeks at 20°C with a 12 h light/12 h dark photoperiod. Injury due to freezing was evaluated visually by observing the browning of florets or floral primordia. Freezing tolerance was defined as the temperature at which half of the flower buds were dead and was expressed as the lethal temperature 50 (LT 50 ) using the Spearman-Kärber method.
Total RNA extraction and quantitative PCR Total RNA was extracted from axillary flower buds of 'Kosui' and 'Niitaka' according to the method described by Ito et al. (2014) , and expression levels of dormancy-, flowering-and water channel-related genes were analyzed. First-strand cDNA was synthesized using the SuperScript™ III First-Strand Synthesis System (Invitrogen, Carlsbad, CA, USA) as follows: 5 μg aliquots of total RNA used in the reaction were first treated with RNA-free DNaseI (Promega, Madison, WI, USA) and reverse-transcribed using SuperScript III oligo (dT) 20 primers according to the manufacturer's instructions (Invitrogen). Quantitative PCR was performed in a 7500 Real-Time PCR System (Applied Biosystems, Forester City, CA, USA) with a SYBR Premix Ex Taq kit (TaKaRa, Kyoto, Japan) as described in the manufacturer's protocol. HistoneH3 (accession number: AB824718), SAND (AB795982) and β-tubulin (AB824715) were used as internal references in all experiments as reported by Imai et al. (2014) . Specific primers for PpFT2a (AB571595), PpTFL1-2a (AB524588), histoneH3 and SAND were reported by Ito et al. (2014) , those for PpMADS13-1 (AB504716) and PpMADS13-2 (AB504717) were described by Saito et al. (2013) , that for β-tubulin was reported by Imai et al. (2014) , and those for PpPIP2A, PpPIP2B, PpδTIP1A and PpδTIP1B were detailed by Tuan et al. (2016) . Quantitative PCR was performed using two sets of differently extracted total RNA samples, and each set was tested twice for a total of four measures of expression for each gene. Since the expression trends were similar irrespective of the reference genes used, one dataset using β-tubulin was used to produce the figures. Each panel of the figures was created from a single qPCR run.
Results
Blooming properties at five locations in 2015 and 2016
The temperatures from autumn 2015 to spring 2016 were much warmer than normal due to a strong impact from El Niño at all locations (Table 1) . Furthermore, temperatures during the 2015-16 season sometimes dropped suddenly, causing large fluctuations. Between 23 and 25 January 2016, a large cold air mass advanced over the southern part of Japan, and the temperature in Uki, Hikawa and Kagoshima dropped abruptly. The daily mean and daily minimum temperatures decreased as the latitude increased, but in detail, the temperatures in Hikawa were closer to those in Kagoshima than in Uki, which is a nearer site. For Tottori, the number of days <0°C was lower, but daily minimum temperatures were higher than expected from the daily mean temperatures probably because Tottori receives a lot of snow, whereas there is little snow at the other sites and abundant sunshine in the winter season.
'Kosui' and 'Niitaka' require 1159 and 1438 CUs, respectively, to release endodormancy (Tamura et al. 2001 , Takemura 2012 . For both cultivars, chilling was satisfied for endodormancy release during the 2014-15 season at all locations, whereas chilling was close to being unsatisfied for 'Niitaka' in Kagoshima during the 2015-16 season (Table 1) .
'Kosui' bloomed later than 'Niitaka' at all locations (Table 2) in both the normal flowering 2014-15 season and the disordered flowering 2015-16 season. Trees of both cultivars bloomed earlier as they grew in warmer regions. Dates of full bloom for both cultivars were very similar in the seasons of 2014-15 and 2015-16 , and the differences between these seasons were within ±1 day at Uki, Hikawa and Kagoshima, but 4 days earlier for 'Niitaka' and 3 days later for 'Kosui' in 2015-16 than in 2014-15 in Tsukuba. Blooming duration (from the onset to the end of blooming) varied locally and yearly, possibly because its duration is largely affected by the temperatures during blooming.
The blooming characteristics of 'Kosui' and 'Niitaka' in Tsukuba, Uki and Kagoshima during the four seasons that had normal flowering 2011-15 (e.g., data for the 2014-15 season are shown in Table 2 ) were: (i) the incidence of dead flower buds was lower in 'Kosui' than in 'Niitaka', (ii) the percentage of dead flower buds remained ≈1% in Tsukuba and Uki, which was sufficient to produce fruit commercially, and (iii) flowers died significantly more frequently in Kagoshima than in Uki and Tsukuba, resulting in ≈3% and ≈10% dead flower buds for
Tree Physiology Online at http://www.treephys.oxfordjournals.org 'Kosui' and 'Niitaka', respectively (e.g., see the data for the 2014-15 season in Table 2 ). No differences were found in floret numbers per flower bud across the locations for 'Kosui' in the 2014-15 season, whereas those of 'Niitaka' decreased as the trees were grown in lower latitudes, i.e., Kagoshima < Uki < Tsukuba (Table 2 ). In contrast, more flowers died in the 2015-16 season than in other normal years, with over 3% of the flowers dead at all locations for both cultivars ( Table 2 ). The survival of flowers in Kagoshima was more severely affected than other locations with ≈30% of the flowers dead in both cultivars. In addition, the floret number per flower bud varied in both cultivars; by location, floret number per flower bud decreased in the order Tsukuba > Uki > Kagoshima (Table 2 ).
Dormancy and freezing tolerance at five locations during the 2015-16 season
The breaking ratio for flower buds increased as chilling accumulated in both cultivars, and was lower in 'Niitaka' than 'Kosui'. In 'Kosui', the breaking ratio became more than 50% by lateNovember in Tottori, by mid-December in Tsukuba and Hikawa, by January in Uki and by February in Kagoshima (Figure 2 ). It should be noted that the sampling in November and December in Tottori was delayed approximately 2 weeks compared with the other locations. Thus, trees in Tottori accumulated more chilling and endodormancy proceeded faster in Tottori than at the other locations. The breaking ratio of 'Niitaka' also increased as chilling accumulated and reached 50% by December in Tsukuba and by January in Uki and Kagoshima.
The seasonal patterns of flower bud freezing tolerance (LT 50 ) are quite similar between 'Kosui' and 'Niitaka' along with the location (Figure 3) . However, the freezing tolerance was not exactly constant with latitude; in 'Kosui' and 'Niitaka', the maximum freezing tolerance level occurred in Tsukuba ≈ Uki > (Hikawa ≈ Tottori) >> Kagoshima. At all locations except for Kagoshima, the freezing tolerance increased as the temperatures became colder and reached their maximum levels between late-December and early-January. In Kagoshima, however, the freezing tolerance remained at a low level (≈−5°C) throughout the season. The daily minimum air temperatures at the other four locations remained higher than that of the LT 50°C for 'Kosui' and 'Niitaka' (Figure 3 and Table 1 ) but was low in Kagoshima where the minimum air temperature on 25 January dropped to −6.6°C, which was lower than the LT 50 for 'Kosui' (−5.4°C) and 'Niitaka' (−3.5°C) on 27 January.
Floret appearance during the 2015-16 season
Floret numbers were counted and classified into living (no or light damage) or dead (either the styles and stamens were damaged or the entire floret was brown) (Figure 4) . A two-way ANOVA (factors: Location × Month) revealed that the seasonal pattern for numbers of total (living + dead) florets per flower bud was different between 'Kosui' and 'Niitaka'. In 'Kosui', the total floret numbers differed locally and seasonally and were significantly lower at Uki than at the other locations. Otherwise, the total floret numbers increased in the order Kagoshima < Tsukuba, Tottori < Hikawa, though the difference was only significant between Kagoshima and Hikawa. There was no constant tendency with latitude. In addition, floret number for 'Kosui' flower buds increased from February to March irrespective of the location. In contrast, the total floret numbers for 'Niitaka' flower buds were relatively constant locally or seasonally, except for Kagoshima, where the buds decreased from February to March. Incidents of dead florets in both cultivars became apparent later than February when observed, except in Kagoshima where dead florets were evident beginning in November. The frequency of dead florets was higher in Kagoshima than the other locations for both cultivars and was highest in March. During dormancy, most florets looked healthy (Figure 5a ) but some appeared to be damaged. Two types of damage were observed: (i) 'floret abortion' where the floret shrunk and turned completely brown and sometimes had dropped from the base (e.g., Figure 5b -e) and (ii) 'floret injury' where the surface and/ or the inside of the floret became partially or completely brown (e.g., Figure 5d , f-k). In the more severe cases, all the florets inside of the scale leaves were dead even though their appearance (outside of the scale leaves) looked good and alive (Figure 5l ). We were unable to determine if the death of a whole bud arose from 'floret abortion' or 'floret injury'.
Typical symptoms of 'floret abortion' were only observed in 'Kosui' but not in 'Niitaka' throughout the observation period. In November, no 'floret abortion' was observed at any location except for Kagoshima. 'Floret abortion' became significant after February at all locations when observed, but occurred only on the distally positioned florets within each flower cluster (e.g., Figure 5c -e). Basally positioned 'floret abortion' was only observed in Kagoshima. In contrast, 'floret injuries' (Figure 5d , f-k) were obvious in both cultivars, Figure 2 . Seasonal changes in the bud breaking ratio of axillary flower buds of two cultivars grown at five localities on excised shoots that were forced at 20°C for 21 days (2015-16 season) (n = 3, mean ± SE). Tree Physiology Online at http://www.treephys.oxfordjournals.org and first in the buds sampled on 27 January 2016 in Kagoshima but were not observed before the buds were sampled on 22 January (i.e., January samples from Tsukuba, Tottori, Uki and Hikawa). Most of the damage was relatively slight and only the surfaces (Figure 5f ) and floret tips (Figure 5g ) turned brown, but inside organs (styles and stamens) appeared intact (Figure 5g ). However, in more severe cases, the inside organs became completely brown or black and appeared dead when observed in February 2016 at all locations (Figure 5d , h, i and k). Floret death from 'abortion' and 'injury' were separately counted in the flower buds observed in March, excluding entirely dead buds that were incapable of being classified (Table 3) . 'Floret abortion' was, again, observed only in 'Kosui' and occurred more frequently in Kagoshima than the other locations. 'Floret injury' occurred quite similarly between 'Kosui' and 'Niitaka' with latitude (Table 3) and was highest in Kagoshima among the experimental sites.
Expression of dormancy-, flowering-and water channelrelated genes
At all locations, the expression of pear DAMs (PpMADS13-1 and -13-2) in axillary flower buds increased from autumn to winter and peaked in late-December then decreased as chilling accumulated in both cultivars (Figures 6 and 7) . Dormancyassociated MADS-box expression in 'Kosui' increased earlier in the trees located at higher latitudes, whereas the decline in DAM expression occurred more uniformly across all five locations. Dormancy-associated MADS-box expression levels in 'Kosui' tended to be lower at the Hikawa and Kagoshima sampling sites than those from Tsukuba, Tottori and Uki (Figure 6 ). It was interesting that PpMADS13-1 and -13-2 expression in 'Kosui' did not decrease further from February to March in Kagoshima. In 'Niitaka', the maximum expression levels of DAM were more uniform across the locations than those of 'Kosui' (Figure 7) , but both the increase and decrease in DAM expression were delayed at the lower latitudes, Uki and Kagoshima, than at the higher latitude, Tsukuba.
The trend for higher expression of PpFT2a in the 'Kosui' axillary buds in the autumn followed by decreasing expression toward winter was observed throughout the experimental sites, although expression in October was higher as was observed at the lower latitudes. PpFT2a was expressed at a higher level in early autumn (October) than after winter (March) in Kagoshima ( Figure 6 ). In 'Niitaka', PpFT2a expression in October dropped to levels observed in the winter (endodormancy) season but were still higher in Kagoshima (Figure 7) . In both cultivars, PpFT2a expression in March was lower at Kagoshima than the other sites.
High levels of PpTFL1-2a expression in 'Kosui' axillary buds occurred in late October in Uki (Figure 6 ). Otherwise, PpTFL1-2a expression was relatively constant across the locations in 'Kosui' and 'Niitaka' (Figures 6 and 7) but were higher in Kagoshima in December for 'Kosui' and 'Niitaka' and in March for 'Kosui' than the other sites.
Two isogenes of tonoplast intrinsic water protein (PpδTIP1A and PpδTIP1B) and plasma membrane intrinsic water protein (PpPIP2A and PpPIP2B) were also analyzed. Both isogenes were expressed in a similar manner; thus, only the expression of Figure 4 . Seasonal changes in floret number and damage occurring in axillary flower buds of two cultivars grown at five localities (2015-16 season) (n = 10-15, mean ± SE). Dead buds include all causes of death (e.g., 'floret abortion', 'floret injury' or unknown cause(s)). Data for the total (living + dead) floret number were first analyzed with a two-way ANOVA to show the independent and interactive effects of two factors, 'Location' and 'Month', respectively, and the Tukey-Kramer test to show the difference among the plots. ns and ** denote non-significant or significant at the 0.01 confidence level with ANOVA. Different letters denote a significant difference at the 0.05 confidence level with the Tukey-Kramer test.
PpδTIP1B and PpPIP2B are presented. The PpTIPδ1B expression in axillary flower buds decreased from autumn to winter and reached its lowest point near January and then increased as blooming started; these trends were consistent regardless of the cultivar, location or season (Figures 6 and 7) . The expression levels of PpδTIP1B and PpPIP2B in autumn were higher in trees located at the lower latitudes (warmer regions) than those at the higher latitudes. Expression patterns of PpPIP2B were similar to those of PpTIPδ1B. Interestingly, PpPIP2B and PpTIPδ1B expression before blooming in 'Kosui' and 'Niitaka' in Kagoshima remained low relative to the other regions.
Discussion
During our investigation for six successive winter seasons (autumn 2010-spring 2016), a severe flowering disorder occurred only in the spring of 2016, especially in trees located at lower latitudes (Table 2 ). In both 'Kosui' and 'Niitaka', floret numbers per flower bud decreased and the frequency of flower bud death (flower buds that did not bloom in the spring) increased in 2016. For the other 5 years, however, floret number per flower bud did not change across the locations in 'Kosui', but the incidence of flower bud death was higher in Kagoshima. In contrast to 'Kosui', both a decrease in floret number per flower bud and an increase in flower bud death were recorded for 'Niitaka' at the lower latitudes and in all observed years, with a noticeable increase in flower bud death in 2016.
The bud breaking ratio obtained by forcing excised shoots was higher in 'Kosui' than in 'Niitaka', because 'Niitaka' requires more chilling than 'Kosui' for endodormancy release. The bud breaking ratio became ≥80% until March in both cultivars at all locations, except in Kagoshima where the bud breaking ratio remained around 50%. In addition, freezing tolerance (LT 50 ) increased up to −12°C or higher at all locations except in Kagoshima where the LT 50 increased ≈−5°C at the maximum in both cultivars. These observations indicate that the courses of freezing tolerance acquisition and dormancy progression during winter are quite different between Kagoshima and the other locations. In pear trees, exposure to low temperature is a prerequisite for the induction and breaking of endodormancy Prestrud 2005, Takemura et al. 2011) , whereas freezing tolerance of trees is first evoked by shortening of the day length and subsequently enforced by low and freezing temperatures (e.g., reviewed in Kaurin 1990, Welling and Palva 2006) . The higher temperatures of autumn and winter in Kagoshima compared with the other locations (e.g., as shown in the daily mean temperatures and monthly accumulation of CU in Table 1 ) may interrupt freezing tolerance acquisition and dormancy progression, thus resulting in a higher frequency of flowering disorders. In addition, higher precipitation during the dormant season is known to decrease freezing tolerance in chestnut (Sakamoto et al. 2015) . The freezing tolerance at Tottori was relatively low and that at Kagoshima was significantly February) ; (b) some florets were already aborted before winter (Kagoshima, 'Niitaka', November); (c) one floret was aborted in winter (Uki, 'Kosui', February); (d) the most distal floret was aborted and the other florets were injured by freezing (Kagoshima, 'Kosui', February); (e) distal florets aborted just before blooming (Kagoshima, 'Kosui', March); (f) the surfaces of some florets were injured (Tsukuba, 'Kosui', March); (g) a vertical section of a floret whose tip turned brown but the inside stamen and pistils were intact (Kagoshima, 'Niitaka', February); (h) an injured floret in which the area surrounded by the rectangle is shown as a close-up in Figure 6i (Uki, 'Niitaka', March); (i) a vertical section of an injured floret, the stamen and pistils were injured and killed (Uki, 'Niitaka', March); (j) an injured floret is enclosed by the rectangle (Tottori, 'Kosui', February); (k) almost all florets were injured by freezing (Kagoshima, 'Niitaka', March); (l) all florets were dead (Tsukuba, 'Kosui', February). Scale bar = 1 mm. Table 3 . The percentage of dead florets among 'aborted' and 'injured' florets relative to the total floret number observed in March 2016. Entirely dead buds were excluded from the count as they were difficult to categorize. analyses. ns denotes a non-significant difference. 2 Not observed.
Tree Physiology Online at http://www.treephys.oxfordjournals.org lower than the other three locations, when considering their average temperatures during autumn to winter. This finding may be partly due to the higher precipitation levels in Tottori and Kagoshima than the other three locations (Figure 1 ). The total number of florets in flower buds during the dormant period increased between February and March in 'Kosui' regardless of the location, whereas floret number did not change in 'Niitaka' either seasonally or locally, with the exception of a decrease between February and March in Kagoshima (Figure 4) . Floret death occurred most frequently in Kagoshima to a similar extent in both cultivars and became severe between February and March. At the other locations, the frequencies of floret death were almost negligible, both in 'Kosui' and 'Niitaka'; these rare instances of floret death were first observed in February. The increase in floret number in 'Kosui' between February and March may suggest that 'Kosui' flowers could develop and grow after endodormancy Figure 6 . Seasonal changes in the expression of dormancy-, flowering-and water channel-related genes in the axillary flower buds of 'Kosui' grown at five locations in 2015-16. Gene expression was measured by reverse transcription-qPCR using the β-tubulin gene as a reference (n = 2, mean ± measurement range).
break even before the appropriate time for blooming (Saito et al. 2015a ). On the other hand, the decrease in floret number for 'Niitaka' in Kagoshima in February and March may be due to the partial drop of dead florets before/at the time of observation. In 'Kosui', a lower number of florets developed during dormancy in Uki than the other sites. This result may be partly because a typhoon passed through this area in late-August 2015 and severely denuded the trees, resulting in a shortage of carbohydrate (energy) for growth in autumn and later.
There were no other consistent relationships for the number of florets that development during dormancy over the different latitudes in 'Kosui' and 'Niitaka'. In contrast, the number of florets that bloomed decreased at the lower latitudes in 'Kosui' and in 'Niitaka' (Table 2 ). These differences in floret numbers between those that developed during dormancy and those that bloomed show that the rates of blooming (florets that developed during dormancy/florets that bloomed) were different among the locations. Figure 7 . Seasonal changes in the expression of dormancy-, flowering-and water channel-related genes in the axillary flower buds of 'Niitaka' grown at five locations in 2015-16. Gene expression was measured by reverse transcription-qPCR using the β-tubulin gene as a reference (n = 2, mean ± measurement range).
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In order to reveal the cause(s) for the different rates of floret blooming among the locations, we monitored floret damage/ injuries during dormancy and found that the damage increased significantly beginning in late-January. Floret damage during dormancy is classified into two types: (i) 'floret injury', death or injury to florets that were observed from mid-winter (25 January and later) at all locations with a higher frequency occurring in Kagoshima (Figure 5d , f, g-k, Table 3 ) and (ii) 'floret abortion', abortion of florets mainly between February and the time of blooming that have survived mid-winter observed only in 'Kosui' (Figure 5b-e) . 'Floret injuries' were not observed in the samples collected before 27 January and, thus, we consider this type of injury to be caused by freezing damage. Evidently the occurrence of 'floret injuries' was higher in Kagoshima than the other locations regardless of the cultivar (Table 3) , and the acquisition of freezing tolerance in Kagoshima was similar in extent and insufficient for both 'Kosui' and 'Niitaka' (Figure 3) . The seasonal patterns of freezing tolerance (LT 50 ) in the previous three seasons (autumn 2012-spring 2015) were similar with those in 2015-16 across the experimental sites, whereas the LT 50 values were higher than in the 2015-16 season by ≈−3°C at each location. The freezing tolerance of 'Kosui' in Kagoshima usually increased up to <−6.0°C in December of 2012-14 and thereafter; an additional increase was recorded in some years (e.g., see Figure S1 available as Supplementary Data at Tree Physiology Online)), whereas the LT 50 in 2015 was only ≈ −2.0°C in December. In the 2015-16 season, the pear trees at all locations, but especially in Kagoshima, probably failed to have sufficient cold acclimatization for the (upcoming) freezing temperatures.
Floret abortion was observed only on the distally positioned florets in 'Kosui', with a few exceptions of basally positioned floret abortion in November at Kagoshima. A decrease in floret number at blooming is a typical symptom of flowering disorder, in which the distally positioned floret ceases development and does not bloom (see Figure S2 available as Supplementary Data at Tree Physiology Online). Therefore, we suggest that 'floret abortion', which became apparent during dormancy (before blooming), be defined as a non-blooming, distally positioned floret. 'Floret abortion' was not found in 'Niitaka', probably because 'Niitaka' requires a longer chill period; therefore, growth/development resumed just immediately before blooming during which time the abortion (disturbance in bud growth) was not apparent. We calculated the incidence of abortion in distal florets using the following equation:
Rate of floret abortion Decrease in floret number between March and blooming by abortion A /Total number of florets except those dead from 'floret injury' B where A B number of blooming florets Table 2 , and B maximum number of dead living florets before blooming Figure 4 Number of dead florets by 'loret injury' in March Table 3 .
Our results indicated that the rate of distal floret abortion was higher in a high-chill cultivar 'Niitaka' than in a mid-chill cultivar 'Kosui'. The rate of distal floret abortion was also negatively correlated with the CU in the range of <∼1900 and 2500 in 'Kosui' and 'Niitaka', respectively (Figure 8) , suggesting that insufficient chilling may cause distal floret abortion. Artificial depletion of chilling is known to decrease the number of blooming florets in 'Kosui' ) and in another mid-chill cultivar 'Hosui' (Yamamoto et al. 2010) , which also supports our findings. Considering only the chilling amounts in the 2014-15 and 2015-16 seasons, the theoretically required amounts were fulfilled for 'Kosui' and 'Niitaka' at all locations, but chilling provided at an inadequate developmental stage had no effect on encouraging blooming . In addition, temperatures in the 2015-16 season in Uki, Hikawa and Kagoshima were aberrant, with especially higher temperatures occurring in November and December than in average years (Table 1) . Some reports suggested a relationship between high autumn temperatures and the delay of both dormancy progression and bud burst/blooming in woody perennials. For example, when chilling onset was delayed in 'Hosui' by artificial means or naturally warm temperatures in autumn, flower bud necrosis increased even though the trees received theoretically sufficient amounts of chilling (Yamamoto et al. 2010) . In birch, bud burst is delayed when autumn temperatures increase (Heide 2003) . Taken together, these results suggest that high temperatures in autumn 2015 may have retarded dormancy progression and interrupted bud burst/blooming in 2016 for trees in the warmer regions (lower latitudes). The capacity for bud burst or blooming in apple buds after endodormancy release is dependent on the bud's age or position (i.e., the dominant/inferior relationship of buds within a Figure 8 . The relationship between chill units and the rate of distal floret abortion ('floret abortion' during the dormant period and at blooming) in 'Kosui' (open symbols) and 'Niitaka' (closed symbols). The method for calculating this relationship is described in the Discussion section.
Tree Physiology Volume 38, 2018 shoot) (Cook et al. 1998 , Cook and Jacobs 2000 , Schmitz et al. 2015 . Our results documenting that distal (younger) florets were dead more frequently than basal (older) florets might be related to their inferiority in blooming within an inflorescence or to the smaller amount of chilling accumulated, considering the nature of the indefinite florescence in pear. Another possibility is that a late frost during the late-winter and early-spring may have damaged some florets; however, the temperatures around the blooming time in 2016 at all experimental sites were relatively constant, so it would be difficult to evoke frost damage in this case. In addition, late frost often damages well-developed florets (Sakuma et al. 2013) ; however, Japanese pear flowers are an indefinite florescence, i.e., the florets differentiate and bloom from the basal to the distal regions within an inflorescence. Thus, the basally positioned florets are more susceptible to frost damage than the distal florets. Nevertheless, we observed that 'floral abortion' occurred more frequently in the distally located florets than in the basal florets. We propose that the incidence of nonblooming due to the effects of a late frost can be considered negligible, at least in the case for 2016 blooms.
There was higher expression of water channel-related genes, PpTIPδ1B and PpPIP2B (Saito et al. 2015a) , between October and January in trees at lower latitudes compared with those at higher latitudes. The delayed decrease in the expression of water channel-related genes from autumn to mid-winter (minimum expression) also suggests that growth activity remained higher in warmer autumns (lower latitudes) than colder autumns (higher latitudes). As a result, the trees do not readily enter a dormant status. The delay in entering dormancy may lead to increases in water content that could decrease the freezing tolerance of flower buds (Honjo and Omura 1987) . The expression of PpFT2a preceding blooming (mid-March) was lower, whereas PpMADS13-1 and -13-2 expression was higher in trees at lower latitudes than those at higher latitudes in March. Relationship analysis based on a phylogenetic tree demonstrated that PpFT2a was highly identical to apple MdFT2 , whose function is to mediate reproductive organ development (Kotoda et al. 2010) . The relatively higher expression of PpMADS13-1 and -13-2 combined with lower PpFT2a expression in trees located at lower latitudes may be related to the inhibition of bud growth and flower organ development, respectively, as suggested by Ito et al. (2016) . These expression patterns, thus, could be responsible for causing the flowering disorder in Kagoshima. As the expression of water channelrelated genes, which are positively correlated with the free water content of floral bud primordia, rapidly increases during sprouting in pear (Yamamoto et al. 2010 , Saito et al. 2015a , the low expression of PpTIPδ1B and PpPIP2B in Kagoshima in March 2016 may indicate a disruption in water uptake and a subsequent growth interruption in the axillary buds in that area. In our previous study, we inferred that blooming time in pears is mediated by FT/TFL1, whereas the timing of bud endodormancy release is regulated by the expression of the DAM genes . The higher expression of PpTFL1-2a in Kagoshima compared with the other sites during the endo-and ecodormancy period (from December onward) both in 'Kosui' and 'Niitaka' may suggest a reduced ability to flower in Kagoshima.
Expression of DAM increased during the establishment of endodormancy and decreased concomitantly with endodormancy release (Li et al. 2009 , Ubi et al. 2010 ). In our study, the expression patterns of PpMADS13-1 and -13-2 differed between cultivars locally and yearly. In 'Kosui' 2015-16, the onset of the increase in PpMADS13-1 and 13-2 expression was delayed in Uki, Hikawa and Kagoshima where the flowering disorder was observed, but expression of this gene pair decreased nearly simultaneously across the locations, resulting in low levels of maximum gene expression of these genes in the locations where the flowering disorder occurred. In 'Niitaka', the onset of increasing and decreasing PpMADS13-1 and -13-2 expression was delayed in Uki and Kagoshima compared with Tsukuba, but the maximum levels of expression were similar or rather lower in Tsukuba than in Uki and Kagoshima. Malagi et al. (2015) compared the dormancy dynamics of apple buds under temperate and mild winter climate conditions and reported that cold winter temperature is strongly correlated with both the entry into and the maximum levels of dormancy. Trees with shallow endodormancy transit ambiguously from the endodormant to the ecodormant state, and their bud burst and blooming became heterogeneous both locally and temporally. Taken together, these data suggest that higher temperatures before and/or at the onset of endodormancy might decrease the depth of endodormancy in 'Kosui' as shown by the lower maximum expression of DAM, and their flower buds bloomed heterogeneously. On the other hand, higher temperatures before endodormancy release might interrupt endodormancy progression in 'Niitaka' as shown by the delay of the onset of increasing and decreasing DAM expression. These events may have a large impact on subsequent development of flower buds prior to/at blooming in both cultivars. Further elucidation of the finer effects of mild winters on flowering and the flowering disorder in combination with the different dormancy properties is required in the future.
Conclusions
Flowering disorder occurred in the spring of 2016 with a higher degree of severity in the high-chill cultivar 'Niitaka' than in the mid-chill cultivar 'Kosui' and in trees located at lower latitudes (lower chilling accumulation). The causes of this flowering disorder are attributed either to freezing injuries sustained by flower buds or to bud growth disturbances related to abnormal progression/release of dormancy. Warmer autumn-winter temperatures appeared to delay growth cessation and to interrupt the acquisition of freezing tolerance before the mid-winter freezing temperatures occurred. In addition, insufficient chills between autumn and winter may disturb endodormancy establishment and its subsequent progression, but these disturbances occurred in different manners in different cultivars. The expression of the DAM gene suggests that the depth of endodormancy for 'Kosui' was shallower in trees located at lower latitudes, whereas endodormancy release was delayed in 'Niitaka'. Low FT expression in combination with high TFL1 expression during the dormancy to blooming period in Kagoshima may suggest inferiority in flowering competence at that location. The trees grown in regions with warmer autumn-winter temperatures, like Kagoshima, may be more susceptible to the disorder with their low freezing tolerance, delayed/shallow dormancy progression and inferior flowering competence. Thus, decreases in floret number ('Niitaka') and increases in the number of dead flower buds (both 'Kosui' and 'Niitaka') are continually or chronically expected. Our observations suggest that the risks of both freezing damage and endodormancy interruption may increase with future increases in autumn and winter temperatures in Japan.
Supplementary Data
Supplementary Data for this article are available at Tree Physiology Online.
